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The  present  study  describes  the  synthesis  and  characterization  of  iron@iron  oxide  nanoparticles  produced
by passivation  of  metallic  iron  in tetraethylene  glycol  media.  Structural  and chemical  characterizations
were  performed  using  transmission  electron  microscopy  (TEM),  X-ray  diffraction  (XRD),  X-ray  photo-
electron  spectroscopy  (XPS),  and  Mössbauer  spectroscopy.  Pomegranate-like  core@shell  nanoparticulate
material  in  the  size  range  of 90–120 nm  was obtained.  According  to quantitative  phase  analysis  using
Rietveld  structure  reﬁnement  the  synthesized  iron  oxide  was identiﬁed  as magnetite  (Fe3O4)  whereas
the  iron  to magnetite  mass  fractions  was found  to  be  47:53.  These  ﬁndings  are  in good  agreement  with
the  data  obtained  from  Mössbauer  and  thermal  gravimetric  analysis  (TGA).  The  XPS  data  revealed  theagnetic nanoparticle
etallic iron
anoparticles
olyol
presence  of  a surface  organic  layer  with  higher  hydrocarbon  content,  possibly  due  to  the tetraethylene
glycol  thermal  degradation  correlated  with  iron  oxidation.  The  room-temperature  (300  K)  saturation
magnetization  measured  for  the  as-synthesized  iron  and  for the  iron–iron  oxide were  145 emu  g−1 and
131  emu  g−1, respectively.  The  measured  saturation  magnetizations  are  in good  agreement  with  data
obtained  from  TEM, XRD  and  Mössbauer  spectroscopy.. Introduction
Metallic iron nanoparticles are of great interest in several tech-
ological applications including data storage [1], magnetic ﬂuids
2], biotechnology and biomedicine [3,4], environmental remedi-
tion [5], and catalysis [6], due to their magnetic, chemical, and
lectronic properties [7]. The main concern related to metallic
ron nanoparticles is their instability towards oxidation in ambi-
nt atmosphere. In the presence of moisture the oxidation process
an leads to a mixture of iron oxides and iron oxyhydroxides and
n dried conditions the oxidation reaction can be vigorous and
ighly exothermic due to the pyrophoric behaviour of metallic iron
anoparticles [8,9]. To overcome this drawback, several strategies
f surface protection have been developed, including encapsula-
ion with carbon [10], noble metals such as gold [11], silver [12]
nd palladium [5], and oxides such as Fe3O4 [13], Al2O3 [14],
nd SiO2 [15]. All these strategies result in magnetic nanoparti-
les with a core@shell structure, in which the shell serves as a
∗ Corresponding author. Tel.: +55 16 3301 9651.
E-mail addresses: jafeli@iq.unesp.br, jafeli iq@yahoo.com.br (M.  Jafelicci Júnior).
ttp://dx.doi.org/10.1016/j.apsusc.2014.07.154
169-4332/© 2014 Elsevier B.V. All rights reserved.© 2014  Elsevier  B.V.  All  rights  reserved.
protective layer. In particular, coating with Fe3O4 layers is of great
interest, for a magnetic coating on top of a magnetic nanoparticle
usually inﬂuences on the end magnetic properties [16]. The ferri-
magnetic behaviour of the coating metal oxide results in a smaller
reduction of the saturation magnetization in the ﬁnal core@shell
nanoparticles while compared with the magnetic dilution effect
generated by using paramagnetic or diamagnetic shell materials
[10,15,17].
Production of metallic iron nanoparticles and passivation via
surface oxidation resulting in an iron oxide coating layer has been
investigated by a number of authors through different synthetic
routes. Typical approaches are the evaporation of iron to form
nanoparticles followed by later oxidation in the presence of oxygen
[18,19], ﬂame spray pyrolysis [20,21] and solution based methods
such as thermal decomposition of iron coordination compounds in
high boiling solvents [3,13,22,23], solvothermal [24,25], and polyol
synthesis [26]. By controlling the structure and composition of the
iron oxide coating layer, the magnetic properties of the resulting
core@shell particles can be tailored through tuning the dimen-
sions of the core and shell, which selectively controls the magnetic
properties of core@shell nanoparticles for the desired applications
[16].
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In this study, the passivation of iron nanoparticles with an iron
xide coating layer of well-deﬁned composition is described. Our
ain objective is to obtain a synthetic route to produce a highly
rystalline iron oxide coating layer to protect the iron cores more
fﬁciently, since the non-crystalline iron oxide could not protect
he metallic iron core from deep oxidation [13]. For this purpose,
e performed the passivation of pre-synthesized metallic iron
anoparticles by heating the sample at reﬂux temperatures in di-,
ri- and tetraethylene glycol media leading to the formation of a
rystalline Fe3O4 oxide layer, thus resulting in nanoparticles with
agnetic properties between iron and iron oxide. This approach
rovides new insights for tailoring metal@metal-oxide core@shell
tructured nanocomposites.
. Materials and methods
.1. Materials
All chemicals were used as received. Sodium borohydride (96%,
luka), tetraethylene glycol (TTEG) (99%, Alfa Aesar). Iron (II) chlo-
ide tetrahydrate (98%, ReagentPlus®), triethylene glycol (TEG,
9%, ReagentPlus®), diethylene glycol (DEG, 99%, ReagentPlus®),
oly(ethylene glycol) (PEG) (MW  4600, Aldrich), triglyme (99%,
eagentPlus®) were acquired from Sigma–Aldrich Brazil.
.2. Methods
.2.1. Synthesis of passivated iron nanoparticles
The metallic iron nanoparticles were synthesized by reduction
f iron (II) ions with sodium borohydride. In typical procedure,
 mmol  (0.811 g) of iron (II) chloride and 1 g of PEG were dissolved
n 40 mL  of oxygen-free water and added to a 250 mL three-neck
ound-bottom ﬂask. The system was sparged with Ar gas for 30 min.
hen, a freshly dispersion of 12 mmol  (0.473 g) of sodium borohy-
ride in 3 mL  of triglyme was injected into the mixture. A black solid
ormed instantly with vigorous gas evolution. After 20 min  the solid
as separated by magnetic decantation and washed with oxygen
ree acetone three times.
For the passivation step, the pre-synthesized metallic iron
anoparticles were dispersed in 20 mL  of oxygen-free TTEG and
dded to a 125 mL  three-neck round-bottom ﬂask. The system was
horoughly sparged with Ar gas and the mixture was  heated with
 heating rate of 10 ◦C min−1 up to 310 ◦C for 30 min. After cool-
ng at room temperature the nanoparticles were precipitated with
cetone and, with the aid of a permanent magnet, washed with
xygen-free ethanol:water 50:50 several times and twice with
xygen-free acetone, dried in vacuum, and stored in Ar atmosphere.
he same procedure was conducted using TEG and DEG as solvents
or comparison.
In order to verify the role of the reaction media in the formation
f the iron oxide phase, the as-synthesized metallic iron sample
as dried in vacuum and then submitted to a thermal treatment at
00 ◦C in Ar atmosphere. The obtained powders were stored in Ar
tmosphere for further analysis.
.2.2. Characterization
XRD diffractograms of the powder samples were recorded using
 Siemens D5005 system equipped with Cu (K1 and K2) radia-
ion source and with a graphite monochromator, operating at 40 kV
n the 2 range between 20◦ and 90◦ in a ﬁxed-time mode with
.02◦ step size. The Rietveld structure reﬁnement of the samples
as performed using the GSAS software with the EXPGUI interface27,28]. The proﬁles were ﬁtted using the Thompson–Cox–Hastings
seudo-Voigt proﬁle function and the background was ﬁtted using
he Chebyshev polynomial [27]. The as-synthesized metallic iron
ample was protected with mineral oil before analysis. The size andScience 315 (2014) 337–345
morphology of the nanoparticles were initially investigated using
the JEOL model JSM-7500F scanning electron microscope (SEM),
operated at an accelerating voltage of 2 kV. The samples were
dispersed in isopropyl alcohol by using an ultrasonic probe and
dropped in Si wafers. Transmission electron microscopy (TEM) was
performed to assess the structural information of the passivated
nanoparticles. Low-magniﬁcation and high-resolution transmis-
sion electron microscopy images (HR-TEM) were obtained using
the JEOL 3010 TEM-HR operating at 300 kV. Fast Fourier Transforms
(FFT) of TEM images were obtained using the Digital Micrograph
(Gatan) software to obtain the lattice d-spacing. For TEM analy-
sis the sample dispersed in isopropyl alcohol was deposited on a
copper grid covered with an amorphous carbon ﬁlm and left to
dry in Ar-atmosphere. Iron concentrations were determined by
using inductively coupled plasma atomic emission spectroscopy
(ICP-AES) after removing the magnetic nanoparticles out from
the reaction media (supernatant) by centrifugation at 10,000 rpm.
Thermogravimetric analysis (TGA) was carried out in the SDT 2690
DTA-TGA system from TA Instruments, running from room temper-
ature up to 1000 ◦C, using air ﬂow at 50 cm3 min−1 and setting the
heating rate at 10 ◦C min−1. The X-ray photoelectron spectroscopy
(XPS) analysis was carried out using the UNI-SPECS UHV  instrument
using Mg  K line (h = 1253.6 eV) at a pressure of less than 10−7 Pa.
The inelastic background of the C (1s), O (1s) and Fe (2p) spectra
was subtracted using Shirley’s method. The deconvoluted spectral
components were obtained using the Gaussian–Lorentzian pro-
ﬁle and the binding energies for core level spectra were corrected
using the hydrocarbon component of adventitious carbon ﬁxed
at 285.0 eV. Mössbauer spectroscopy measurements were per-
formed at room temperature (300 K) and at 77 K, using transmission
geometry of a computer controlled Wissel spectrometer with a
triangular mode and using a 57Co/Rh source. The system velocity
was calibrated with a thin natural iron foil whereas the spectra
were least-squared ﬁtted to a combination of Lorentzian-like lines.
Magnetization measurements (ﬁled- and temperature-dependent)
were performed using the commercial Physical Property Mea-
surement System (PPMS) model 6000 platform with the vibrating
sample magnetometer (VMS) module from Quantum Design. The
hysteresis loops (M–H curves) (−20,000–H – 20,000 Oe) were at
temperatures T = 5 and 300 K.
3. Results and discussion
3.1. Morphological and structural characterization
Metallic iron nanosized particles were ﬁrst synthesized by
chemical reduction with sodium borohydride in aqueous media
and then submitted to a passivation process in tetraethylene gly-
col at 310 ◦C. The passivation step promoted the formation of a
ferrimagnetic oxide layer of well-deﬁned composition on top of
the iron surface. Fig. 1 shows ﬁeld emission scanning electron
microscopy (FESEM) images of the as-synthesized metallic Fe and
passivated Fe@Fe3O4-TTEG nanosized particles. Most of the synthe-
sized nanosized particles presented quasi-spherical morphology
while revealing wider size dispersity. Furthermore, in both sam-
ples, the nanosized particles assume chain-like ordering due to
strong particle–particle magnetic interaction. The particle size dis-
tribution histograms were ﬁtted to a log-normal function (Fig. 1c
and f), whereas the mean particle size (distribution width) were
estimated at about 95 nm (0.45) and 127 nm (0.45) for the as-
synthesized metallic Fe and passivated Fe@Fe3O4-TTEG samples,
respectively. The observed increase in the mean particle diameter
seems to be related to particle ageing, such as digestive ripen-
ing, which is governed by iron hydrolysis and precipitation as
oxide, associated to the passivation step [29]. This assumption is
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Fig. 1. Low magniﬁcation (a) and high magniﬁcation (b) FESEM images of as-synthesized Fe and particle size distribution (c). Low magniﬁcation (d) and high magniﬁcation
(e)  FESEM images of Fe@Fe3O4-TTEG and (f) particle size distribution. Line corresponds to lognormal ﬁt to histograms.
Fig. 2. Bright ﬁeld and high-resolution TEM images of samples: (a) and (b) as-synthesized Fe sample; (c) and (d) Fe@Fe3O4-TTEG passivated sample. Insert in (c) selected
area  electron diffraction pattern. Insert in (b) and (d) fast Fourier Transform (FFT) of the corresponding HR-TEM images.
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Table 1
Iron content in the supernatant of reaction media after removal of Fe@Fe3O4 parti-
cles. The solvents used were TTEG, TEG, and DEG.
Synthetic parameter [Fe]/mg L−1
TTEG TEG DEG
Right after mixture at 25 ◦C 4.58 7.08 11.67
After 40 min  upon stirring at 25 ◦C 6.25 5.00 7.5
At 120 ◦C 11.67 9.09 7.08
At  the boiling temperaturea 309.01 237.50 575.0
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Fig. 3. X-ray diffraction (XRD) patterns of as-synthesized Fe (a), Fe@Fe3O4-TTEG
(b), and Fe treated at 500 ◦C in Ar atmosphere (c). Open circles represent the exper-After 30 min  at boiling temperature 149.44 532.50 3075.00
a Boiling temperatures reached in this study: TTEG 310 ◦C, TEG 280 ◦C, and DEG
45 ◦C.
videnced by the high magniﬁcation FESEM and TEM micrographs
f the passivated sample (Figs. 1e and 2c), where a roughness in
he particles’ surface is created by deposition of several small nano-
ized oxide particles on larger particles’ surfaces. Such an array of
mall particles on top of bigger ones is absent in the as-synthesized
etallic Fe sample as the boundary of grains observed in TEM
icrographs is very smooth (Fig. 2a and b).
The TEM and HR-TEM images of the as-synthesized metallic Fe
Fig. 2a and b) and Fe@Fe3O4-TTEG (Fig. 2c and d) revealed that the
anoparticles have a pomegranate-like core@shell structure [30].
n the as-synthesized metallic Fe-based sample the pomegranate-
ike structure consist of -Fe cores immersed in a non-crystalline
atrix. In the Fe@Fe3O4-TTEG-based sample the pomegranate-like
tructure is quite similar, but in this case the particles are com-
osed of -Fe cores immersed in an crystalline iron oxide matrix
nd are decorated with by several small iron oxide nanoparticles
ttached onto the external surface. The corresponding selected-
rea electron diffraction (SAED) pattern (insert in Fig. 2c) shows
he characteristic d-spacing indexed as (1 1 0), (2 0 0) and (2 1 1) for
-Fe and (2 2 0), (3 1 1), (4 0 0) and (4 4 0) for spinel iron oxide. In
he HR-TEM micrographs of the as-synthesized Fe and passivated
e@Fe3O4-TTEG samples (Fig. 2b and d, respectively) it was possi-
le to distinguish the interplanar distance of 2.02 A˚, corresponding
o the (1 1 0) Bragg plane reﬂection of bulk -Fe (the expected
alue is 2.0268 A˚ according to JCPDS Card No. 6-696). These ﬁnd-
ngs indicate that in both samples the cubic iron phase was  present.
owever, only in the passivated sample (Fig. 2d) it was possible to
bserve the interplanar distances of 2.52 A˚ corresponding to the
attice d-spacing of the (3 1 1) reﬂection of bulk spinel iron oxide
uch as magnetite (Fe3O4) or maghemite (-Fe2O3) (expected val-
es are 2.5320 A˚ and 2.5177 A˚ according to JCPDS Cards No. 19-629
nd 39-1346, respectively).
The chemical analysis of the iron content in the reaction media
supernatant) used to prepare the passivated Fe@Fe3O4-TTEG sam-
le under different reaction conditions (Table 1) revealed that the
ron concentration increases abruptly from a few mg  L−1 up to
09.01 mg  L−1 when the boiling point is reached. Nevertheless,
t the end of the reaction the iron content reaches half of the
eak value (TTEG column, last line in Table 1), which is consistent
ith the deposition of small nanosized particles onto the surface
f larger particles, as observed in TEM micrographs. The passiv-
tion reaction was also performed in the following two glycols
f smaller molecular weight, namely triethylene glycol (TEG) and
iethylene glycol (DEG). It was observed that the dissolved iron
ontent increases remarkably as the reaction reaches the boiling
emperature and a correlation was found between higher values
f dissolved iron content and the reduction of the number of eth-
lene oxide units in this series (see Table 1), suggesting that the
helating strength of the solvent increases as the chain length
ecreases [31]. The particles passivated in TEG and DEG also exhib-
ted a pomegranate-like core@shell structure, as shown by HR-TEM
nalysis (Fig. S1). However, it was possible to observe a smaller
mount of iron oxide nanoparticles surrounding the larger particlesimental data, and solid lines the calculated data. Differences between observed and
calculated data, as well as Bragg peak positions, are also shown. The quality of the
reﬁnements is represented by the R-factor.
due to the nature of the solvent used in the passivation of the
as-synthesized metallic Fe-based particles. This decrease in the
amount of crystalline iron oxide could be related with the decrease
of boiling temperature from TTEG to DEG and was conﬁrmed by
XRD analysis (Fig. S2).
Analysis of the XRD pattern of the as-synthesized metallic
Fe-based particles (Fig. 3a) revealed cubic bcc structure of -Fe,
in agreement with the protocols used to produce metallic iron
from borohydride-based reduction [32,33]. The broadened XRD
peaks indicate low crystallinity of the sample. Three characteris-
tic peaks marked by their Bragg indices (1 1 0), (2 0 0) and (2 1 1)
were observed in agreement with the -Fe database (JCPDF Card
No. 6-696). The Rietveld reﬁnement of the diffraction pattern for
the space group (Im-3m) resulted in good agreement with the ﬁt
(solid line) of the experimental data (Fig. 3a). After passivation of
E.d.S. Nunes et al. / Applied Surface Science 315 (2014) 337–345 341
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Fig. 4. Mössbauer spectra of Fe (as-synthesized) and Fe@Fe3O4-TTEG obtained at 30
ubspectra corresponding to hyperﬁne features are indicated.
he metallic iron-based particles in TTEG, in addition to the -Fe
eﬂections a set of reﬂections were also observed and assigned to
he (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) planes related
o the cubic spinel structure (Fd3m) of iron oxide, in accordance
ith the database (JCPDF Card No. 19-629 and 39-1346) (Fig. 3b).
his result corroborates the SAED and FFT patterns and evidences
hat the iron oxide phase is highly crystalline in nature. In order
o verify the role of the environment in the formation of the iron
xide phase, the as-synthesized metallic Fe-based sample was sub-
itted to a thermal treatment at 500 ◦C in Ar gas atmosphere.
ig. 3c shows the XRD pattern of the thermal treated metallic Fe
ample and the features observed conﬁrmed -Fe phase as the
ajor product. The goodness of ﬁt (2) and R-weight factors (Rwp)
rom the proﬁle ﬁttings are indicated in Fig. 3, and the values
btained for samples in this study were 2 < 2.1 and Rwp between 8
nd 11%.
The reﬁned lattice parameter values (a) for the as-synthesized
etallic Fe, TTEG passivated and thermal treated Fe were found
o be respectively were 2.8660(2) A˚, 2.8665(3) A˚ and 2.8686(1) A˚,
hich are in good agreement with the bulk values for -Fe. The
alue a = 8.3786 (7) A˚ obtained for the iron oxide phase in the
able 2
össbauer spectral hyperﬁne parameters: isomeric shift (IS), quadrupole splitting (QS
e@Fe3O4-TTEG samples. The estimated error of the hyperﬁne parameters is ±0.04 mm s−
Sample T (K) Feature IS (mm  s−1) 
as-synthesized Fe
300 Sextet 1 0.01 
77  0.12 
300 Sextet 2 0.08 
77 0.19 
Fe@Fe3O4-TTEG
300 Sextet 1 0.00 
77  0.11 
300 Sextet 2 0.30 
77 0.39 
300 Sextet 3 0.60 
77 0.64 d 77 K. Points represent the experimental data, and lines are the ﬁtted spectra. The
Fe@Fe3O4-TTEG sample matches with values reported in the lit-
erature for magnetite (JCPDF Card No. 19-629), but the existence of
an oxidized diffuse surface layer matching to maghemite -Fe2O3)
should not be excluded, as suggested in various research works
on spinel iron oxides [18,19]. In order to quantify the metallic and
oxide weight fractions, the -Fe and Fe3O4 phases were consid-
ered in the quantitative phase analysis calculated by the Hill and
Howard formalism implemented in the GSAS programme [27,34].
Our results indicated that the Fe@Fe3O4-TTEG sample is composed
of 46.9% ± 0.6 of metallic iron and 53.1% ± 0.4 of iron oxide. This
result was supported by TGA analysis of the passivated sample
performed in air atmosphere (Fig. S3), from which a mass gain of
21.17% from 200 to 865 ◦C could be associated with oxidation of
iron phases to a more oxidized form (-Fe2O3). By the stoichiomet-
ric relationships between the iron compounds, the mass fractions
of the initial phases estimated from the TGA data were 45% of -Fe
and 55% of Fe3O4.Mössbauer spectra of the as-synthesized Fe and Fe@Fe3O4-TTEG
samples obtained at 300 and 77 K are shown in Fig. 4, whereas
the corresponding hyperﬁne parameters are listed in Table 2. For
both samples, the spectra were ﬁtted to well resolved sextets, with
), hyperﬁne ﬁeld (Hhf) and spectral areas (A) obtained for as-synthesized Fe and
1 and ±1 kOe. The error for the spectral areas is estimated to be not more than ±3%.
QS (mm  s−1) Hhf (kOe) A (%) Phase
0.00 331 21 -Fe
0.00 338 31
−0.06 263 79 Fe1−xBx
−0.04 291 69
0.00 332 36 -Fe
−0.01 341 35
−0.08 482 10 Fe3O4
−0.02 505 11
0.03 450 54 Fe3O4
0.08 490 54
342 E.d.S. Nunes et al. / Applied Surface Science 315 (2014) 337–345
a b
c d
Fig. 5. XPS spectra of Fe@Fe3O4-TTEG. (a) Survey; and high resolu
Table 3
Deconvolution parameters of the C (1s), O (1s) and Fe (2p) peaks measured for
Fe@Fe3O4-TTEG.
Chemical state Position (eV) FWHM (eV) Atomic content (%)
C H, C C, C O 285.00 1.56 68
C O C, C OH 286.36 2.00 22
C O 288.17 1.50 2
O  C O 289.06 1.31 8
O2− 529.94 1.37 38
OH− 531.28 1.97 32
C  O 532.32 1.56 17
O  C O 533.58 1.70 14
Fe0 706.44 1.30 1
Fe  O 708.43 1.87 17
Fe2+ (oct) 709.90 1.86 23
Fe3+ (oct) 710.4 1.96 23
3+
n
g
a
(
m
(
a
F
netic components, one with IS = 0.30 mm s−1 and hyperﬁne ﬁelds
T
MFe (tet) 711.55 1.91 23
Fe  OH 713.07 2.30 13
o evidence of superparamagnetic relaxation at 300 K, which is in
ood agreement with the large particle size observed by FESEM
nd TEM analysis. The spectra for the as-synthesized metallic Fe
Fig. 4a) were ﬁtted with two sextets. The ﬁrst sextet showed iso-
er  shift (IS) ≈ 0, hyperﬁne ﬁeld (Hhf) of 331 kOe and spectral areaA) of 21% at 300 K and IS = 0.12 mm s−1, Hhf = 338 kOe and A = 31%
t 77 K. These hyperﬁne values are consistent with presence of -
e. The sextet 2 showed broadened resonance lines, characterizing
able 4
agnetic parameters MS, MR and HC obtained from magnetic hysteresis loops measurem
Sample 5 K 
MS (emu g−1) MR (emu g−1) H
As-synthetized Fe 158 17.6 3
Fe@Fe3O4-TTEG 137 18.6 3tion deconvoluted spectra: (b) Fe (2p); (c) O (1s); (d) C (1s).
the presence of non-crystalline phases [35]. The low values of iso-
mer  shift (IS ≈ 0.08 mm s−1) and Hhf = 262 kOe, the second sextet
has been assigned to amorphous Fe1−xBx metallic alloy [6,35], with
an area corresponding to about 69% of the spectra at 77 K. Due to
the non-crystalline nature of the Fe1−xBx alloy, it was  not possi-
ble to identify this phase in XRD analysis. The bulk composition
of the as-synthesized metallic Fe sample determined by ICP-AES
was Fe0.85B0.15, in terms of molar fractions, which agrees with the
existence of -Fe and a boron enriched phase as determined by
Mössbauer spectroscopy and is in accordance with the literature
[6,32].
For sample Fe@Fe3O4-TTEG (Fig. 4b) the Mössbauer spectra
obtained at 300 and 77 K were ﬁtted with three sextets. One sextet
was associated to -Fe considering the hyperﬁne parameters (see
Table 2) are in good agreement with the results obtained for the
as-synthesized metallic Fe sample. The spectral area of this sex-
tet at this sextet at 77 K corresponds to about 35% of the total
spectral area. This increase of the -Fe content in the Fe@Fe3O4-
TTEG sample relative to as-synthesized metallic Fe can be related
to a greater instability of Fe1−xBx phase towards oxidation pro-
cess, leading to -Fe (and by further oxidation to Fe3O4) and B2O3
[32]. The room temperature spectra showed another two mag-Hhf = 482 kOe related to Fe3+ ions occupying tetrahedral site and
the other with IS = 0.60 mm  s−1 and Hhf = 450 kOe which has been
related to Fe2+ and Fe3+ ions occupying octahedral site [36]. At
ents for as-synthesized Fe and Fe@Fe3O4-TTEG.
300 K
C (Oe) MS (emu g−1) MR (emu g−1) HC (Oe)
05 145 17.8 226
84 131 10.8 176
rface Science 315 (2014) 337–345 343
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7 K, the two magnetic components show hyperﬁne parameters
onsistent with Fe3+ (sextet 2, IS = 0.43 mm s−1 and Hhf = 505 kOe)
nd Fe2+ (sextet 3, IS = 0.85 mm s−1 and Hhf = 466.9 kOe), which is
n agreement with the ion multiplicities for Fe3O4 [37,38].
.2. Surface characterization
The overall surface composition of the passivated Fe@Fe3O4-
TEG sample was assessed by the XPS analysis. Fig. 5a shows the
urvey spectra of the Fe@Fe3O4-TTEG sample where the peaks at
85 eV, 530 eV and 710 eV correspond to C (1s), O (1s) and Fe (2p),
espectively. Table 3 shows deconvolution parameter for C (1s), O
1s) and Fe (2p) envelopes. Fig. 5b shows the high-resolution spec-
ra of the Fe (2p3/2) region. The binding energy values we found for
e0 (706.0 eV), Fe2+ octahedral species (709.9 eV) and Fe3+ tetrahe-
ral and octahedral species (710.4 and 711.5 eV, respectively) are
n good agreement with the literature and corroborate the Möss-
auer results [8,39–41]. Fig. 5c shows the O (1s) feature, which
an be deconvoluted into four peaks. The main contribution was
f lattice oxygen (O2−). The other three peaks correspond to oxide
urface OH−, C O and O C O, the last two arising from the organic
ayer [39].
Deconvolution of the C (1s) envelope led to four peaks at
85.0 eV, 286.4 eV, 288.2 eV and 289.1 eV that could be attributed
o aliphatic (C C, C C, and C H), C O C and C OH, C O, and
 C O carbon linkages in the organic surface layer, respectively
see Table 3) [42,43]. The spectra in Fig. 5d show that the peak
ssociated with aliphatic carbon bonds was predominant (68%)
hereas the peaks associated with the ether groups are remark-
bly smaller in area (22%). The C (1s) spectra of pure polyethylene
lycol and oligoethylene glycol consist of a major peak centred at
86.5 eV, since in these compounds all carbon atoms share one
ond with oxygen [44–46]. Indeed, the higher hydrocarbon con-
ent and loss of the ether carbon functionality evidenced by C
1s) spectrum of Fe@Fe3O4-TTEG indicates that thermal degrada-
ion of TTEG during passivation reaction occurred, as the degree of
onomer structure retention was low. Several studies concerning
he degradation of PEG compounds by thermolysis [44], plasma [46]
r UV irradiation [43] evidenced the formation of fragments with
n increase in aliphatic carbon content as well as a reduced con-
ent of high oxygenated functionalities. It has been demonstrated
y mass spectrometry studies that among the fragments produced
rom degradation of PEG derivatives are species such as H2O, CO,
O2, and radicals from the polymeric backbone with one or more
onomer units [44,47]. As evidenced by C (1s) XPS spectra, the
ydrocarbon radicals generated in the course of the synthesis are
ikely to graft the surface of Fe@Fe3O4 particles.
In the passivation reaction described in this study, the thermal
egradation of the TTEG occurs simultaneously with the oxida-
ion of the iron metallic particles, and both reactions seem to be
orrelated [6]. It has been proposed that complexation of metal
ation with oxygen atoms from poly(ethylene) oxide (PEO) back-
one causes a weakening of the C O bond, favouring their thermal
cission at a lower temperature compared to pure PEO [48]. Sim-
larly, the metallic iron nanoparticles could favour the thermal
egradation of TTEG when the reaction temperature is raised up
o 310 ◦C, leading to formation of reduced organic species (high
ydrocarbon content) concurrent to formation of iron oxide.
.3. Magnetic properties
Magnetic characteristics of the as-synthesized Fe and
e@Fe3O4-TTEG nanosized particles were evaluated using mag-
etic hysteresis loops. Magnetic hysteresis loop measurements
ere performed at 5 and 300 K, in the ±20 kOe window. Fig. 6a
nd b shows the magnetization versus magnetic ﬁeld curves atFig. 6. Magnetization curves at 5 K and 300 K for (a) as-synthesized Fe and (b)
Fe@Fe3O4-TTEG measured. Inserts show the hysteresis loops.
5 and 300 K of as-synthesized Fe and Fe@Fe3O4-TTEG samples,
respectively. The values of saturation magnetization (MS), coer-
civity (HC) and remanence (MR) at 5 and 300 K for both samples
have been summarized in Table 4. For the as-synthesized metallic
Fe the values of MR at 5 and 300 K were similar. For both samples,
the HC and MS values showed a slight decrease with increase of
temperature from 5 up to 300 K. For Fe@Fe3O4-TTEG a decrease
was also observed in MR values at 300 K.
Comparing the MS values of as-synthesized Fe and Fe@Fe3O4-
TTEG with the standard reported values of MS for Fe3O4
(92 emu  g−1) and -Fe (218 emu  g−1) [49], it is clearly seen that
the value of MS for as-synthesized Fe nanoparticles was lower than
reported -Fe value, we claim it is mainly due to the presence of
non-crystalline phase Fe1−xBx. After the passivation step, the MS
value for Fe@Fe3O4-TTEG decreased, probably due to the forma-
tion of an iron oxide layer, but the MS value for this sample was
higher than the standard value of MS for pure Fe3O4. This inter-
mediated value of MS can be ascribed to the presence of iron cores
in the core@shell nanoparticles, as observed from TEM, XRD and
Mössbauer spectroscopy results.
4. ConclusionIn this study, a synthesis route for passivation of metallic iron
nanosized particles in oligoethylene glycol media was investi-
gated. The TEM, Mössbauer, XRD and ICP-AES results evidenced
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hat the as-synthesized metallic Fe nanosized particles obtained
hrough borohydride reduction initially presented a pomegranate-
ike morphology and was composed of -Fe crystallites immersed
n non-crystalline Fe1−xBx alloy. After reﬂuxing in tetraethylene
lycol a crystalline phase identiﬁed as magnetite (Fe3O4) was
ormed, possibly due to the oxidation of the more unstable Fe1−xBx
hase caused by the thermal degradation of the solvent. The pas-
ivation in triethylene glycol and diethylene glycol also led to the
agnetite phase, though in a lower content. The as-synthesized
ample heated at 500 ◦C in Ar atmosphere presented -Fe as a
ajor product, evidencing the importance of the solvent in the
xidation process. The C (1s) XPS spectra revealed a higher con-
ribution associated with hydrocarbons than for ether bonds in
he organic surface layer of Fe@Fe3O4-TTEG, which is quite dif-
erent from pure TTEG, evidencing the presence of degradation
roducts attached to the nanosized particle’s surface. The obtained
e@Fe3O4-TTEG nanosized particles also presented a pomegranate-
ike core@shell structure and the mass fractions between the two
hases was approximately 1:1 according to Rietveld reﬁnement,
össbauer spectroscopy and TGA data. The results showed that
he passivation route using TTEG was efﬁcient, leading to formation
f well crystalline nanosized particles with quite similar magnetic
roperties compared to the as-synthesized metallic Fe nanosized
articles.
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